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Serial No, 09/914,279 
REMARKS: 

Status of the Claims 

1-6, 8-12, 14-50 and 55-70 are pending herein. 
Claims 1-6, 8-12, 14-26, 55-68 and 70 are rejected. 

According to the Office Action, claims 34-49 and 69 are withdravvTi from consideration. 
Claims 27-33 and 50 are designated neither as rejected nor as withdrawn. However, these claims 
were previously withdrawn in response to Applicant's response to a restriction requirement dated 
August 26, 2003 . Thus they are indicated herein as being withdrawn. 

Claim 34 has been amended to introduce the non-ionic detergent limitation of claim I . 
Support for this claim amendment can be foimd, for example, in original claim 7 and throughout 
the specification. 

Claim Qhiections 

Claim 62 is objected to as allegedly' faihng to depend upon another claim only in the 
alternative. This rejection is respectfully traversed. 

Claim 62 presently reads as follows (emphasis added): *The microemulsion of any of 
claims 55-61 . . It is believed that such language is proper alternative language. See, e.g», 
MPEP 608.01 (n) I. A. Acceptable Multiple Dependent Claim Wording. Among the examples 
given as acceptable is the following: "Claim 10. A gadget as in any of claims 1-3 or 7-9, in 
which — which example contains language analogous to that used in presently pending claim 
62. 

Reconsideration and withdrawal of the objection to claim 62 are therefore requested. 
Should the Examiner continue to object to claim 62, a suggestion regarding claim 
language that might be satisfactory would be appreciated. 

Claim rejection under 35 USC S 112. first paragraph 

Examined claims 1-6, 8-12, 14-26, 55-68 and 70 are rejected under 35 USC § 112, first 
paragraph, as allegedly not being enabhng for microparticles having diameters outside the 10 nra 
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Serial No. 09/914,279 

to 150 /im range given in the definition of the term "microparticle" given at page 12 of the 
specification. This rejection is respectfully traversed. 

Moreover, as a result of the most recent restriction requirement, those claims that set forth 
microparticles have been withdrawn from consideration. Consequently, microparticles are not 
set forth in any of the rejected claims, i.e., claims 1-6, 8-12, 14-26, 55-68 and 70. 

Reconsideration and withdrawal of the rejection of claims 1-6, 8-12, 14-26, 55-68 and 70 
under 35 USC § 112, first paragraph, as allegedly being non-enabling for microparticles having 
diameters outside the range defined by Applicant, are therefore requested. 

Claim rejection under 35 USC S 102 

Claims 1-3, 9, 10, 19-21, 62, 64 and 67 are rejected under 35 USC § 102 as being 
anticipated by Hara et al., Proc. Natl. Acad, Sci USA, Vol. 94, pp. 14547-14552 (Hara). This 
rejection is traversed. 

For example, according to the procedure of Hara, negatively charged DNA was first 
complexed with a cationic lipid containing a quaternary amine head group (i.e., TC-Chol, 3-b-[//- 
(A^,//9,A9-trimethyletharie)carbamoyll-cholesterol), See Abstract and page 14548. The 
resulting hydrophobic complex was extracted by chloroform and then incorporated into 
reconstituted chylomicron remnant particles (RCR), which are composed of olive oil (a lipid), L- 
0!-phosphatidyl choline (a phosopholipid), L-of-lysophosphatidyl choline (a phosopholipid), and 
cholesteryl oleate (a lipid). Id. 

Each of the above is either charged or a lipid. None of the above is a non-ionic detergent 
as required by claim 1 . The Office states that the limitation of a non-ionic detergent is met by 
cholesteryl oleate. However, cholesteryl oleate is actually a lipid. This is obvious fi:om the 
structure of cholesteryl oleate (downloaded from chemexperxom): 



for instance, D.L.H. Rail et al., "Differential Contributions of Major Lipid Components of 




. For further evidence, see merely. 
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Atheroma to Outcome of Cerebral Atheroembolism," Stroke^ Vol. 12, No. 4, July-August 1981, 
445-453 (attached) at page 445 ("[T]he main lipid constituents [of advanced atheromatous 
plaques] have been determined. Cholesterol esters (principally of oleic and linoleic acids) and 
cholesterol itself predominate.. .") and page 447 in which cholesterol oleate is listed under the 
heading of "Individual Lipids.*' See also J.M, Smaby et al., "Properties of cholesteryl oleate and 
triolein in mixed monolayers at the air-water interface," Journal of Lipid Research y Volume 19, 
1978, 325-331 (attached), for example, the Abstract and page 326 where cholesteryl oleate is 
listed under the heading of "Lipids." Many other articles referring to cholesteryl oleate (or its 
synonym cholesterol oleate) as a lipid can be found, for instance, by searching PubMed at 
nih.gov. 

For at least the above reasons, claim 1, and claims 2-3, 9, 10, 19-21 depending therefrom, 
are patentable over Hara. 

Moreover, claims 62, 64 and 67 are patentable over Hara for the reasons set forth above 
with respect to claim 1 . 

Claims 4-6, 8, 1 1-12, 14-18, 22-26, 55-61, 63. 65, 66, 68 and 70 have not been rejected in 
view of the prior art. However, claims 62, 64 and 67, which depend from claims 55-61 are 
rejected in view of the prior art. It is not seen how the dependent claims can be rejected as 
anticipated in by the prior art, when the base claims from which they depend are allowable in 
view of the prior art. Clarification is respectfully requested. 

Reconsideration and withdrawal of the rejection of claims 1-3, 9, 10, 19-21, 62, 64 and 67 
under 35 USC § 102 are therefore requested. 

CONCLUSION 

It is respectfully submitted that all claims are presently in condition for allowance. 
Should the Examiner be of the view that an interview would expedite consideration of the 
application, request is made that the Examiner telephone the Applicants' attorney at (703) 433- 
0510 in order that any outstanding issues be resolved. 
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If there are any fees due and owing in respect to this amendmentj the Examiner is 
authorized to charge such fees to deposit account number 50-1047. 



CORRESPONDENCE 

Please continue to direct all correspondence to: 

Novartis Vaccines and Diagnostics, Inc. (formerly Chiron Corporation) 
Intellectual Property-R440 
P.O; Box 8097 
Emeryville, CA 94662-8097 



Attorney for Applicant 

Mayer & Williams PC 

251 North Avenue West, 2"*^ Floor 

Westfield, NJ 07090 

Tel.: 703-433-0510 
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Differential Contributions of Major Lipid 
Components of Atheroma to Outcome 
of Cerebral Atheroemboiism 

A Study in an Animal Model 

D. L. H. Ra[l M.B., F.R.A.C.P.* T. J. Stbiner, M.B., Ph,D„ and F. Cufford Rose, F.R.C.P. 

SUMMARY Cerebral Atberoembolisjn, In irliicb nuUnly tiptd emboli art rrlea«ed froiD raptortnts 
adkeromaiouA plaqve9> Tony occvr without apporeat effect, or fcmII Id cetebr*! Itctigmla ai)d infarctks. The 
reasons bchhiil these unpredictable conaeqnences were sought la the tnteractlom. In vitro and In an aidmal 
model, betiveea the mala lipid oompoacnts of advanced plaqnca. Pure prcparadoiii of reprascotach* lipids were 
each harmless ^^fhm emboHzed Into IIm cerebral ctrculadoii. In cootnut, comMoatioiia In propwiAoas almUar to 
those in advanced human plaques caused ioTarction, whctber tbcac were synthetfc aoixtnrea or extracts from 
ptuques of tlic entire lipid fraction. The most inportant pbysicaJ interactioa between tbe liptda wu aggrega- 
tion of crystals by oils. Between cfaotesterol and the mainly Uquld eaters^ this created tn viuio a range of gloti- 
aous aggregates. Triglyceride lowered tbe melting pobit of estcrst faicreaslBg their oQiness. and rcdnccd tbe 
oohesiveness of aggregates in ti>e face of operative mechanical forces tttrongb a fall in rlscoslty. Pbospbolfpfd, 
acting priocipaUy as an emobifylng agent, promoted dispcrsloa of tbe oOp secomhrfly freeing tike crystals &om 
its aggregating effect. In tbe plaque, the balance of thue facton will determine tbe size end number of par- 
ticles likely to emboOze* and, therefore, the dlotcal ootcome should the plaqae rupture. 

StnikcVo) 12. No4, l»B1 



"CEREBRAL ATHEROEMBOLISM" is the term 
used for the release into the blood stream of mninly 
lipid cmboH following rupture of advanced athero- 
matous plaques in vessels supplying the brain. ^ 
Recognition of its clinical importance"' ' hinges upon 
the argument that it is common. The precise prev- 
alence is difficult to determine/ partly because it may 
occur without neurological sequelae* and remain un- 
recognized during life, and partly because difficulties 
in histological technique may prevent cerebral athero- 
emboli being found during poistmortcm examina- 
tion.*'* In one autopsy study of unselected patients^* 
atheromatous lesions were found in one or more of the 
m^or arteries to the brain in all patients over SO years 
of age» and over two-thirds harbored advanced lesions. 
In patieatfl with abdominal aortic atherosclerosis, dis- 
tal atherocmboli were found postmortem in 12% of 
these with advanced disease.* Although minor varia- 
tions in plaque constitution may be expected, there is 
no reason to suppose that the process of athero- 
emboiism is subject to major regional di /Terences once 
severe atheromatous disease is established locally. 

Cerebral atheroemboiism can be clinically silent,* 
but a number of published patient reports (e.g., Refs. 
2, 4, 10, 11) demonstrate that cerebral ischemia, with 
or without infarction, may result. The nature of 
athcroemboli» and their behavior in the cerebral cir- 
culation, need to be l>ctter defined before their effects 
on the brain can be understood. 

Chemical analysis of atheroemboli after release is 
seldom feasible/ but the pultaceous contents of ad- 
vanced atheromatous plaques from which they might 
arise have been described."- " By dry weight, up to 
of this material is lipid." Although to some 
extent varying from one plaque to another and from 



From the Department of Neurology. Charing Crou Hospiul, 
Fulham Palace Road, London^ W6. Ereland. 



one region to another within the same plaque/* the 
main lipid constituents have been (ktermined."* 
Cholesterol esters (principally of oleic and linoleic 
acids) and cholesterol itself predominate (about 50% 
and 30% by weight respectively), with phospholipids 
(1 5%) and triglycerides (5%) present in smaller 
amounts. In early lesions (fatty streaks), cholesterol 
esters are laid down preferentially. Being in a liquid 
crystalline state (although fluid, maintaining a sym* 
metrical molecular order" these are birefringent 
droplets. As the plaque develops, triglycerides ac- 
cumulate and, together with a relative increase in 
amount of the more polyunsaturated cholesterol es* 
ters, reduce the melting point of the mixture^ which 
forms oily, isotropic droplets. Cholesterol is poorly 
soluble in this mixture, saturating the esters at a con- 
centration of about 8%.^* Progressive accumulation 
beyond this results in precipitation as cholesterol 
monohydrate crystals."* " 

Phospholipid molecules have hydrophilic and 
hydrophobic groups.^ In a mainly aqueous medium, 
such as is found in the center of a plaque, they form 
hposomes." These structures are well characterized.** 
consisting of bi layers of phospholipid molecules 
oriented with hydrophilic poles at each surface, 
organized concentrically into multilamellar spheres; 
layers of water alternate with, and separate, the lipid 
layers. In the presence of cholesterol and its esters, 
liposomes have the capacity to incorporate, into the 
lipid biJayers, molecules of the former up to about 
33% weight for weight of phospholipid." The esters 
arc very poorly taken up (2% weight for weight only), 
but, instead, may be more subject to tbe emulsifying 
e^ect of phospholipids, another property consequent 
upon the possession of hydrophilic and hydrophobic 
molecular poles." 

It has been suggested'*' " that the size and number 
of cholesterol crysuls are the central determinants of 
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the effects of alherocmboli because, acting as solid 
supporting skeletons and resisting lysis and removal, 
they maintain the integrity of emboli for long periods. 
We found that diolesterol crystals, dispersed into the 
cerebral circulation of rats or rabbits via the internal 
carotid artery, caused little hemodynamic distur- 
bance, though aggregates of these crystals^ if stable, 
were less innocuous.' Pure crystals, however, were 
usually disaggregated readily in the btaodsxream* 
suggesting that physical interactions within the em- 
bolus between cholesterol and the other lipids, deter- 
mining over-all physical state," might be a more rele- 
vant factor than the crystals themselves to causation 
of infarction. 

While it can be assumed that plaque contents do not 
alter their chemical composition with embolization, 
the some cannot be expected of their physical state 
after release into a turbulent, aqueous bloodstream. 
For this reason, theoretical extrapolation from plaque 
to embolus has limited scope and the effects in em- 
bolized lipid mixtures of these complex factors and 
relationships need to be studied directly. In the same 
way as with cholesterol/ therefore, the behavior of 
other important lipids has been observed in the 
cerebral vessels of the rat and rabbit. We have also 
looked at interactions between these lipids, both in 
these animal models and in vitro, with the primary 
aim of relating findings to their possible effects in man 
and, in particular* to their potential ability to cause 
cerebral infarction. 

Methods 

a) Animflla 

Young adult albino rats (350-450 g) were used In 
experimental procedures of 2 types (see below); New 
Zealand White rabbits were used in a few non- 
recovery experiments. These methods have been fully 
described previously^** and outline deuils only are 
given here. 

I) Open-skull Experiments 

Rats were anesthetized with ethyl carbamate (Ure- 
thane, BDH). Blood pressure and body temperature 
were maintained. In each animal, a Portex cannula 
was introduced through a distal opening in the left ex- 
ternal carotid artery so that its tip lay at the carotid 
bifurcation with the proximal stump of the external 
carotid totally occluded and flow from common to in- 
ternal carotid unimpeded. Substances infused through 
such a cannula necessarily entered the internal carotid 
bloodstream. A dorsal craniotomy was carried out on 
the left side to expose an area approximately .10 X 5 
mm of the dorsal cerebral surface which, after dural 
resection, was preserved under a pool of liquid paraffin 
at 37** C. The arteries from the middle cerebral trunk* 
with the largest about 80 /t in diameter, were viewed 
through a Zeiss Op-Mi 6 operating microscope at 
magnifications of up to 40 X. The 3-way beam- 
splitting facility permitted simultaneous color video- 
monitoring, recorded on tape when appropriate, and 



still photography with a Nikon F2 camera body and 
motor drive to take frames singly or repetitively at up 
to 2.5 per second. Enhanced lighting and filters were 
available for fluorescein angiography, which demon- 
strated arterial, capillary and venous phases of perfu- 
sion and readily revealed areas of hemodynamic dis- 
turbance or extravasation. 

In rabbits, a Larger craiiiotomy opening could be 
made but all proc^ures were otherwise essentially 
similar. 

In a few rats, the iris circulation was directly viewed 
through the microscope. The prominent vessels, 
supplied by the pterygopalatine branch of the ihtemal 
carotid artery, were arterial arcades of much smaller 
caliber, about 2O--30 /i- 

Materials were embolized (see below) by infusion 
through the intracaroUd cannula with either the cere- 
bral or iris vessels under direct observation to control 
the quantity given. It was possible to monitor emboli 
aniving in the vessels and their progress distally, 
alterations In vessel caliber, changes in blood flow 
whether amounting to stasis or not, prolongation of 
circulation time, and areas of blood-brain barrier 
breakdown. 

These experiments were terminal. 

2) Recovery Experiments 

These animals, anesthetized with pentobarbital 
sodium (Sagatal, May and Baker) tntrapcritoneally, 
were cannulated in the same way and then embolized 
immediately with fM-edetermined qiianttties of mate* 
rial. The cannula was then withdrawn, the external ca- 
rotid stump ligated, and the skin closed before 
recovery. Survivors were examined regulariy for signs 
of neurological dcHcit and sacrificed between one and 
7 days later. Brains were removed from all animals 
upon death (and, in some cases, parts of the limgs) and 
examin«i macroscopically and histologically. 

b) Histology 

Materia} for histological examination was fixed in 
10% formol saline and then sectioned frozen (at IS m} 
or alter paraffin embedding (5 to 15 >*)* Frozen sec- 
tions were examined microscopically cither directly or 
through partially or fully crossed polarizing filters, or 
after staining for lipid with Sudan IV. ParafRn sec- 
tions were stained with hematoxylin and eosin, Mar- 
lius scarlet blue (for fibrin) or Luxol fast blue (for 
myelin). 

c) Embolic Malerlals 

Material of 2 types was used; mixed lipids extraaed 
from human atheromatous plaques, and pure prepara- 
tions of individual lipids representative of those most 
iinportant in the plaque, singly or in combinations. 

/; Lipid Extract 

Suitable human aortae were obtained from the post- 
mortem room. After removal of all coagulated debris 
from the intimal surface, pultaceous material was 
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scooped from the centers of advanced plaques. The 
lipid component was extracted from weighed quanti- 
ties into chloroform and methanoK using the method 
described by Folch» Lees and Stoane Stanley," and 
stored at -20'*C under nitrogen until required. 

2} Jndividunl Lipids 

Cholesterol esters (cholesterol oleate and linoleate), 
choiestero] (monohydrate crystals), ^ospholipid 
(phosphatidylcholine) and triglyceride (triolein) were 
obtained in a high degree of purity (usually 99%, 
Sigma London Chemical Co. or Lipid Products). 
Principal impurities in these preparations, other 
sterols and their eaters of fatty acids of varying de- 
grees of unsaturation, were unlikely to be of any 
significance in the proportions present. The lipids were 
dissolYcd in known concentration in chloroform and 
stored under nitrogen at -20''C until needed. 

d> Prepuradon of Emboli 

Measured quantities (usually 10 mg) of the required 
lipkl materials (extract or one or more of the pure 
preparations) were added to 2 ml of saline-for-injec- 
tioh and separated from the chloroform or chloro- 
fornn-methanol mixture in a rotary-evaporator at 
37''C. When complete, this process leA the lipids as 
particles suspended in saline, which were maintained 
at 37*^0 until embolized. 

A variety of mixtures of the pure lipids were pre- 
pared cither to be emboliicd or for assessment of the 
physical nature of the precipitated particles. These are 
summarized in the table. The particulate matter in the 
extract, as well as in these lipid mixtures, was ex- 
amined by naked eye and then microscopically, both 
directly and through polarizing filters, and photo- 
graphed. Agitation of the coverslip established how 
readily particles could be disaggregated. The appear- 
ance of individual particles was noted. Particle sizes 
were measured by micrometer and approximate 
numbers determined in a modified Nebueur counting 
chamber. 

Results 

The lipid extract had the naked eye appearance of a 
greasy, watery liquid in which tiny suspended particles 
could be seen. It consisted of a suspension in saline of 
non-coalescent isotropic droplets, tBin^n% down- 
wards in size from 5 m to less than 1 ^ in diameter, and 
crystal aggregates in a concentration of the order of 
t0*/ml; the latter, variable in both size and shape, 
ranged up to 400 ti greatest dimension (fig. M), but 
only I or 2% were greater than IOC ^ and 90% were 
smaller than 30 ^. Perturbation of the coverslip, which 
partially broke up the aggregates, yielded single 
crystals up to 100 p >n length, though most were under 
20 ^, together with further discrete droplets of oil and 
amorphous lipid material. 

In the opcn-skull animals, the extract passed 
through the larger epicerebral arteries (50-80 il diam- 
eter) and no disturbance of flow was apparent at this 



Tabi^ Lipid Mixture* {Identified in Text by Nos. 
Prepared for EmbQlizcUion and/or Examination of Physi- 
cal State 
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level. In the 30-40 m s^de branches, some emboli 
lodged but discernment of flow disturbatKes in these 
vessels was hindered by their course into the cerebral 
substance. Fluorescein angiography (fig. 2) revealed 
no delay in the arterial phase of circulation but, subse* 
quently, there was progressive extravasation of the 
albumen- bound dye deeply in the cortex (fig. 2/>), 
from much smaller vessels. In the 20-30 m vessels of 
the iris, although emboli were not seen, stasis was 
rapidly produced in some vessels and often occupied 
whole segments or evidence quadrants of the iris. 

Animals recovering after infusion of t-**3 mg of this 
material showed no effect, or only transient limb 
paresis of less than 24 hours duration. Larger doses, 
up to 10 mg, produced contralateral hemi paresis in a 
high percentage of animals and postmortem examina- 
tion revealed discrete ipsilateral infarcts involving cor- 
tex and white matter, often extending deeply as far as 
the ventricle (fig. 3). Sudan IV-stained frozen sections 
demonstrated lipid materia! in vessels of 2O->30 a 
diameter; occasional intravascular crystals were also 
seen through polarizing filters, but in neither case was 
there evidence of associated cellular reaction in the 
vessel wall to the emboli, or evidence of intraluminal 
thrombosis. 

The appearance and behavior of the pure lipids and 
mixtures were dependent upon which lipids were in- 
cluded and on their relative proportions. 

Phospholipid (phosphatidylcholine) suspended in 
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saliiiQ formed into lipGsomes in general smaUer than ] 
^ in overall diameter. Abaut 2 X iC/ml were counted 
in the pure suspension (preparation t in the table)^ In 
preparations 2 to 4, increasing numbers of free crys- 
tals were apparent microscopically, with little ten- 
dency to aggregate and forming particles in t^e ^izc 
range 5-100 m greatest dimension. Embolization ex- 
periments with Siese mixtures were uneventful. Lipo- 
somes alone passed rapidly through the circglation 
without hindrance. Cholesterol crystal behavior was 
unaltered by the presence of liposome* and any aggre- 
gates reaching the cpioercbral vessels could be seen 
breaking up readily Lf ihcy lodged^ with the individual 
crystals passing out of sight distally. 



Cholesteral esters (IM mixture of oleate and 
linolt?ate) at 37^C w^e ift a mixii^d stieite of crystietls and 
liquid crystals. In the presence of trioldh at a concen- 
tration of 4% (preparation 5\ the naicrbiscopic 
app^aranc^ wc^ of fsotropiQ droplet^^ in sizfe rang- 
ing from less than I fi to about 5 m and \n number 
about 0.5 X Itf/ml^ and some bitefrihgent aggre- 
gates up tt> 30 u In stJte^. Iticreasitig^ the proportion of 
triolein reduced the number of crystals further so that 
little birefringence was sew ih preparation 6; droplets 
more readily coalesced atid a few wcirc Up to I0> in 
size. Adding phc^pbolipid (preparation 7) inbibitied 
ooale^eno^ of droi^tets wrhieb Wfisre con$e(juC)(itly 
srinalleir (less tian *5 j*) and more numerous (about 

These itiixtUrtii? h«id little effesit in actit^t ammal 
preparationsv with only brief stasis seen in smaller 
vessels such as those of the iris, somedmcs in associa- 
tion with observed passage of small crystals. Of those 
animals injected with large quaiitities (10 mg) before 
withdrawal of anesthesia, most died within 6-12 
hours, but material staining pojsitiv<ly for lipids and 
hemorrhagic: interstitial and alveolar exudate, were 
prominent in the lungs; Those that did survive such 
treatment, and those inj^ted With smaflfcr <iuantities> 
recovered without neurological defidt; their brains 
showed, no neuronal changes, though intia-arterial 
lipid in small antounts and opoasional crystals could 
be demonstrated in vessels of the order of 20 m >n 
diameter. 
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Figure I . Comparative microscopic appearances of lipid extract and same of the synthetic 
lipid preparations listed in the table, photographed irt excess of physiological saline, for tech- 
nical convenience at 2l^C. All scales f except in B} tn microns. A: Total lipid extract from 
human aortic atheromatom materia! viewad through partially crossed polarizing filters. The 
large aggregate consists of birefringent crystals, mostly smafler tkaa 20 (a. i/t length, among 
other lipid material, partly amorphous, petrlly in droplets. Fewer than 2% of aggregates ap- 
proached these dimensions and particles of more usual sise are also seen. Many of the 
suspended noH-coafescent (sctroptc droplets cannot be distinguished at this magnification, D: 
Mixtura of cholesterol and cholesterol esters in approximately aqxtal proportions (preparation 
10: see table), with the appearance artd consistency of a thick gum. The ilpid/water interfaces 
are sharply demarcated with no admixture. Partially crossed polarising fitters reveal a high 
degree of birefringence. C: Cholesterol esters and cholesterol in a ratio of 3.3. with phosphati- 
dylcholine in a concentration of 12% (preparation 15: sea table). The ester /cholesterol giutinous 
aggregate has been dispersed into microscopic panicles which, however, retain their 
birefringence, starkly demonstrated by polarizing fxliArs crossed atmos t fully. D: Tlie mixture of 
esters and cholesterol InaS'S ratio, with 5% of triglyceride and 15% of phospholipid (prepara- 
lion 16: see table) approximates to the composition of the lipid extract, and the appearances are 
broadly slm Uar (cf A/ Triolein Impairs the phospholipid disaggregating effect demonstrated in 
C by conversion mainly of cholesterol esters to oil, so that birefringence is less prominent and 
there are oily droplets. As in A, the central aggregate, selected for demonstration,, (s at the up- 
per extreme of the size spectrum; the smaller surrounding clusters are more typical, but many 
others are below the limits of resolution at this magnificat ion, E: with triolein in greater excess 
than in D i preparation J 7: see table), aggregates^ though of similar sise spectrum, appear less 
compact because of the more prominent and less viscous oily component. Removal of the 
polarizing filters allows the quantities of free isotropic droplets to be seen. 



After this preparatory e;c ami nation of the major 
lipid components, cholesterol and cholesterol esters, 
the 2 were mixed* revealing a practical difficulty. As 
the proportion of cholesterol was increased (prepara- 
tions 8 to 12), transition from the crystal/ liquid 
crystal state of the esters to the solid crystalline form 
cf cholesterol itself occurred through a series of sticky 
gum-like materials of increasins viscosity* many of 
which (particularly 9, 10 and 1 1) could not be handled 
because ihcy stuck avidly to their containing flask. 
Microscopically, they were birefringent hydrophobic 
aggregates (fig. I B) with little tendency to disperse un- 
less one or other component was very greatly in Kicess 
to dictate behavior (preparations 8 and 12). 

Preparations 9 to 11 could not usefully be em- 
bolized. Repealed attempts with the I M mixture of ea- 
ters and cholesterol (preparation 10) were unsuccess- 
ful because little of the material escaped the walls of 
the delivery apparatus. Mixtures in a 9 : 1 ratio 
(preparations 8 and 12), bearing little relationship to 
the proportions found in atheromatous material, were 
embolized only in a few rcoovcry animals. Neither 
mi](ture was associated with neurological deficit or 
histological change. 

Practical problems with ester/cholesterol mixtures 
were eased with the addition of triolein or of 
phosphatidylcholine. Increasing quantities of the 
former (preparations 13 and 14) produced greater 
numbers of isotropic droplets at the expense of the 
birefringent particle clumps. Particularly in 14, aggre- 
gates appeared more fluid, maintaining their integrity 
less well, so that mechanical agitation achieved more 
effective dispersal through the aqueous suspension. 
Addition of phospholipid to esters and cholesterol, on 
the other hand (preparation 15), produced ready and 
rapid dispersal of the birefringent aggregates into a 



suspension of smaller particles in much larger 
numbers (fig. IQ; many were smaller than 1 ai and. 
although the largest ranged up to 1 50 ^, 90% were un- 
der 10 M greatest dimension and only 1-2% over 40 fi. 

In mintures of all 4 types of lipid, esters, choles- 
terol, phospholipid and triglyceride (preparations 16 
to 18), the major interactions were to some extent 
predictable from the demonstrated properties of the 
simpler mixtures and the following account is a 
generalization. In the presence of triolein, phospho- 
HfHd disaggregated the particles less effectively, which 
were somewhat larger in preparations 16 and 17 than 
in 15 (S% over 40 (i and 10% over 20 fi, though with 
similar upper and Dower limits). Although particles 
appeared microscopically as crystal aggregates, 
birefringence was less prominent than in preparation 
15; as in 13 and 14» which also included triolein, there 
were many isotropic droplets both within the 
aggregates and free. Ag;gregates were more compact 
in preparation 16 (fig. ID) than in 17, in which they 
appeared loosely bound (fig. IE). Preparation IS con- 
sisted mainly of isotropic droplets though they might 
contain tiny crystals and there were some small crys- 
tal aggregates. Particles were well dispersed in 
numbers of about 2 X 10''^/ ml and, though they were 
up to 50 M in size, 90%. were smaller than 10 p, greatest 
dimension. 

With these mixtures^ there was approximation to 
the lipid compositions of atheromatous gruel and 
plaque extract. Preparations 16 and 18 were em- 
bolized. While preparation 18, like 8 with a similarly 
low proportion of cholesterol, was without demon- 
strable effect in the animal model, preparation 1 6 was 
readily associated with cerebral infarction. Dosages as 
low as 2-3 mg (cf. lipid extract) produced infarcts that 
were smalt (0.25-1 mm) but often multiple (fig 4), 
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FiOURB 2. Ffuorescein angiogram of. certbrol sutfatt ^sds \fit.Mted ikr^ugk tefi erwttoipmy 
in a rabbit About 5 mg of Hpld expect Jm btjsn emholUed by^^ (fat/ateral 
imemal carotid artery, but ru?ne has todgtd in vftrk^. A: eaHy {u^eHai pJuue; B: capitlary a^d 
ear/y venous phase: no areas of ischemia or detiiyed perfusion ate demonstrattd^ Cilaie, venous 
i>hase: drainage is unifonn, but smafl foci of perivascular fiuorescence are ttpp^eortng as the 
background fades: D: afier clearance of the vM>us phase, exiravaaated ftiiorescein is brtghtiy 
vtsibie; its origins, widely dispersed wtfhin the fiuorescetn^perfused territory, are malnty deep, in 
the cortex but those in dear focus are relattd to distal art^rioies. 




FicuRJE 3. Coronal section of rak brain {tefi side) near 
mid'Coilfcuiar ievei, stained with hematoxytln and eosln. 
Scale in mm, tO mg of lipid extract infused into the ipst- 
loJtral carotid artery produced a discrete hemisphere Infarct 
extending in each direction for several millimeters at the 
dorsal surface and deeply to the ventricular margin. 



occasionally ti^lateiral, itivolvmjg dt^p white matter 
and thalamic nvclti. Associated Intravascular crystals 
were occaitojnally sewi but intraiuminal tiirombosis 
■wa$ nc*cr in evidt^ce. 

DlSCtl9$l0A 

Qur findings demonsuate thttt each of the main 
lipid componenu of atheromatous gruel, cholcstctoU 
cholesterol esters and pboapholipidsi is harmless when 
dU^^erscd in relatively pure forOo into the cerebral dr- 
QQlation via the ifiticmal carotid artery* TjEicy form in* 
nocuous emboli: cither dropleta, or particies, suSl* 
cientl3r small to pass throuj^ tbe capillartcs^tlitoat 
significant hindrance, oir cryslals of such ibape that» 
though sometimes large enough to lodge at arteriolar 
or. even artenal level, they do not create hemo- 
dynamic disturbance/ Tbere is no vessel wall reaction 
and no thrombogenic efiect. Nonetheless, bottt (he 
total Upid extracted from gruel plaquea, atid synthetic 
mixtures prepared to simulate its constitution, caused 
infarction ^heo embollzed, and discussion needs to 
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Figure 4. A; Coronal iedton (db^sat pan, ieft stde) of rai brain as the levei of the hippo- 
campus and medial iha/amic nisdei^* Hematoxylin and eoain slain. Scale J mm. Approxi- 
mately 3 mg of a synthetic mtxturg of lipids (phpfesterof, 30%: cholest^roi oleala and lltUfi^ate, 
25% each: phosphatidylcholine, 15%; triohin. S% (prUparatton I6:tabltlh infused as tn^urvX 
produced numerous small infarcts throughout much of tke ctrehtum. so^mt cantrtd^teraL This 
section shows k^mSsphe^e infarcu, parttctdarly one dorsalJy near ike mid Hne. one iarrffwe4} 
lateral to the nucleus cattdaius patamen, ondone dorsolateral to rPte lateral ventricle which tpi' 
voives the radiation of the corpus caliosum; ta addition, there (s a rdattvely large hlppoCampal 
infarct, and other, smaller infarcts armtnd the medial part of the medial thaUunic huCteUshaye 
resulted In degeneration of tht section. B; The lateral hemisphere Infarct atfoWedin A has bttn 
further enlarged about JOx. 



center aroiund what property is possessed by these but 
not by any of thoir individual componenta that confers 
upon them their noxious quality. 

A lar^e proportion of the cholesiterol la in crystal- 
line form in the advanced plaque. When pure» such 
crystals have little tendency to aggregate in jthe oere^. 
bra! circulation and are readily dispersed if they do.^ 
In the presence of the other lipitis, their behavior is 
demonstrably different and, undoubtedly, the key to 
this question ts held in this interaction. 

Much of this other lipid component esists in the 
plaque as oils,"' These, by definition, are liquids im- 
miscible with water, and form discrete droplets 
suspended in the aqueous medium of the plaque ^ruel 
or of tihe blood. The size of the droplets depends on a 
balance between their tendency to coalesce^ a func- 
tion primarily of surface tension, and the mainly 
mechanical forces promoting dispersal, such eg agita- 
tion resulting from turbulence in th^ blood stream. 
Size and number are therefore inversely related («eca 
below). 

Cholesterol crystals, bong hydrophobic, aturact 
around Uiem a layer of the oil inrhieh would otherwise 
form free droplets. Coalescence of this ci) n^lts in 
aggregation of the crystals i^nd fornlatioii of 
oil/crystal mixtures with viscosities dependent on 
tbdr relative proportions (cf. preparatioiis 8-12). The 
size of Sudi aggregates^ tbotigh obviously depudeht 
on crystal size, is now ultimately deternnined by tbo 
same factors of surface tension in the oil in compe- 
tition with the mechanical dispersing forces, viscosity 
playing a modifying rote. 

Cholesterol and cholesterol ester mixtures, in com- 



binations in which neither is in substantial enoess 
(preparations 9-i t), in practice form thicfc, gum-likc 
substftSficest so stiCii^y that few pjarticl^ in aus^^ 
sign could be created. Mixtures of I : 1 chok;sterol 
oleate and ohoiiesterol Mnolieate al 37 ^C: ore in the 
form of crystals ^nd liquid cxysta1$,'^ the latter, to the 
efttent of their liquid propsrtlea, bshovln^ as an oil. 
Addition of increasing amounts of triglyceride^ itsielf a 
low-visDOsity oiU prcgressiveiy lowers the melting 
point of the mixture into the ambient temperature 
range,^° with consequent liquefaction and loss of 
birefringence. A simitar effect on cholesterdl itselP^ is 
much less important in view of its higher initiat melt- 
ing point Cover lcd*C in^ for instance, a 3:5 mixture 
with cholestcrol ol^te}; Because of overall r^^ction 
In vjficosity, aggr^gaites are rtiore fluid in the presence 
of triglycejridet, and rdatively weakly bonded. 

Phospholipids play a quite dif^ierent role, equally 
inipomm, in modifying panMe size and a^g3rcgabiil- 
ity. This may be most readily understood if the 
phospholipid molecule is regarded simply as. an 
emulsifyiiis agent, for this apl^rs to be ata m^or 
effect. Such agents, by reduqng the surface tension of 
oil droplets iiii wat^.r, &itd litcdntain tb^ir dispersal 
(cfi preparation 7), The intet^ctiqn of this effect with 
those of the other 3 components ia depicted in figure 
5* the Whole concfipt being rcpreseiftted by a teulaT 
4-faoed pyramid, or tecrabedrot), R^enioyal cfffifec 
c)K)k3terol by incorporation within ths liposome,^ 
thereby reducing the crystalline component, is. prob- 
ably not without additional cffea but of less impor- 
tance in view of the quamities involved. 

What is the relevance of these factors to the out- 



PACE 24/33 • RCVD AT 2/28/2007 1:21:14 PM [Eastern Standard Time] - SVR:USPTO-EFXRF-5/19 DNIS:2738300" CStD:703 433 2362 " DURATION (mm-ss): 12-16 



1ST AVAILABLE COPY 



Feb 28 2007 1 : 29Ph 



703 433 2362 



p, 25 



452 



STROKE 



Vol 12, No 4, JuLY-AuGusT 1981 



PHOSPHOU*PID 
(lipotan«eal 




CHOLESTEROL ESTEftS 
1 liquid erytulii) 



TRIGLYCERIDE 
(Ion viTsoply aiH) 



Ficuxe 5. JnieractSons between cholestarcK cfyoiesierci 
esUri. triglyceriiie and phospholipid, summprixtui as a 
tetrahedral concept. With the 4 lipids each represented at 
one of the 4 vertices, the principal effect of each an the 
others can be depicted theoretically on the 6 axes. In prac- 
tice this requires some over-rimplificatiOn. The interactions 
specified are those most relevani within the context of an 
atheroemboius; i,e., each indtcatlon of the effect of one lipid 
upon another assumes the modifying presence of the other 
two and^ if considered in isolation, which is not the intent 
tton. may approximate variably to reaidy. 

come of atheroem holism? Apart from any harinfuL 
property inherent in the material of the embolus itself, 
the most important determinants of microembolic 
cerebral infaraion are the size and number of the em- 
bolic particles.**' *^ Size establishes the level, if any, of 
the arterial tree at ^vhich a suMcient proportion of the 
lumen is occupied by the embolus to compromise ftow. 
Number, though of little importance until the critical 
mtninAum size is reached, then determines how many 
arterial channels are obstructed. Tissue ischemia will 
result only if enough channels of sufficient size are 
sufficiently compromised. 

Phospholipids tend to reduce the size of ester/ 
cholesterol/triglyceride particles, at the expense of in- 
creasing their number. Ultimately, this may result in 
Jar^e numbers of very small oi] droplets, too small if 
embolized to embarrass the circulation even at capil- 
lary level (cf. preparation IS); total emulsifjcation of 
the oil releases the cholesterol crystals in a non- 
aggregated state — demonstrated also to be harm- 
less.* At an irttermedtate stage, the situation may be 
reached where a sufficient number of sufficiently large 
aggregates is the result. Preparation 16 approaches 
this state while at the same time approximating to the 
constitution of atheromatous gruel: this preparation, 
the total lipid extracted from atheromatous gruel, and 
atheromatous material itself," all produced cerebral 
infarction when embolized. Here» the annbivalent 
effect of triglyceride becomes apparent. 3y increasing 
the oily component it expands the load to be emul- 
sified. The excess oil induces coalescence of residual 
crystalline particles of cholesterol or its esters, and 
larger aggregates result than would othervdse form. 



The obvious disparity between the size of such parti- 
cles embolized and the level of vessel obstruction is ex- 
plained by poor cohesiveness due to the viscosity- 
lowering effect of triglyceride, Disaggregation in the 
bloodstream and molding of particles in the smaller 
vessels are both expected consequences of increased 
fluidity. 

The influence of phospholipid on lipid emboli, 
therefore, may be largely protective against vessel 
obstruction and, to some extent, countered by that of 
triglyceride. However, in the absence of mechanical 
energy, cmulsification depends on random molecular 
movement and is likely to be incomplete. Such condi- 
tions almost certainly obtain in the advanced athero- 
matous plaque, and inay have important conse- 
quences. Whatever the overall composition, differing 
degrees of emulsi&cation throughout the plaque will 
unpredictably affect the size, number and nature of 
particles. Since the total number released by a single 
rupturing plaque may be many millions, such could be 
the effect on the target tissue if, say, just 1% reach a 
critical size thai the nature of the remaining 99% is, 
for practical purposes, immaterial. This is a very im- 
portant concept. 

These various considerations indicate a cause of the 
apparently disparate sequelae of cerebral athero- 
embolism. Critically dependent upon possibly minor 
constitutioaal changes among the lipids, effects may 
well vary substantially from one affected individual to 
another. In routine clinical practice, the spectrum may 
be concealed. At one end, it seems certain, effects are 
insignificant and, if seen at postmortem exammation, 
such cases may be those ^tJi ulcerated plaques in the 
neck vessels but not history or signs of ischemic brain 
damage. Towards the other extreme are the reported 
cases of athcroembolic cerebral infarction with ob- 
vious atheromatous material in the cerebral blood 
vessels at autopsy (e.g., Ref. 10). Untermediate in the 
spearum is the unknown number of patients in whom 
symptoms of transient cerebral ischemia result but are 
not reported, or the possibility of an association is not 
appreciated. In addition, a large number of patients 
.are seen postmonem with small cerebral infarcts in 
whom evidence suggesting the immediate cause is 
either inadequately sought^- " or shown to be absent. 
Even macroemboli can disappear within hours of 
lod^ng;" it is therefore highly probable that micro- 
emboli initially associated with a non- fatal infarct will 
not be present af\er the delay of months or years that 
rs likely before autopsy becomes possible. 

Infarcts resulting from multipte microemboli con- 
trast with infarction due to macroembolic vessel 
occlusion not only in pathogenesis'^* °° and the nature 
of the embolic material. Occlusion of smalt, distal 
vessels, with the cotlaterai circulation similarly 
affected, may cause more profound tissue ischemia 
than blockage of a large (proximal) artery whether 
by a macrocmbolus or atherosclerotic lesion, or other- 
wise. Such distal obstruction was diaracteristic of em- 
bolization vrith the total-Jipid extract: In open-skull 
animals, extravasation of albumen-bound fluorescein 
from small vessels signified damage at that levd 



PACE 25/33 • RCVD AT 2/28/2007 1:21:14 PM [Eastern Standard Time] * SVR:USPTO-EFXRF-5/19 " DNIS:2738300* CSID:703 433 2362 * DURATION (mm-ss): 12-16 



Feb 28 2007 1 : 29Ph 



703 433 23G2 



p, 26 



LIPIDS AND OUTCOME OF CEREBRAL ATHEROEMBOLISM/iefl/V ei at 453 



(Bgure 2^): tn recovery experiments, evidence of lipid 
was seen histolagically in 2C^30 ^ vesseJs. 

Atheroemboli, having larger aggregated dioles- 
terot crystals than those obtained by lipid extractioo* 
are able to obstruct vessels of the order of SO* 1 00 m in 
diameter.'^ if, in keeping with our findings, they also 
block those of 20-30 they may be unique among the 
various spontaneously arising emboli in threatening 
both major terminal anastomotic beds, pial and pre- 
capillary." Since atheroemboH often occur where 
blood flow is compromised already by the proximal 
atheromatous lesions from wblcb they originate^ their 
potential ability to curtail supply below the limits 
compatible with tissue viability is only too clear. The 
expected result is multiple small infarcts (fig. 4), 
patch ily widespread in accordance with the vagaries of 
embolic distribution among collateral channels by 
laminar flow. The neurological consequences, for 
these reasons alone, would be unpredictably variable, 
governed not only by this chance <listribution hut also 
on the basis of availability of neuronal reserves that 
may be silently depleted. 
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Properties of cholesteryl oleate and triolein in 
mixed monolayers at the air-water interface 

Janice M. Smaby and Howard L. Brackman 

The Hormel Instirute. University of Minnesota, Austin, MN 55912 



Abstract Thr properties of cholesteryl create and triolein 
in mixed monolayers at the air-water interface have been 
measured between 24 and 37'C. Analysis of force-area 
curves obtained as a function of the mol fraction of 
cholesteryl oleate indicates that at relatively low surface 
pressures these compounds arc misdblc in two dinnensions 
up to a limit of about 0.5 mol fraction. At higher 
pressures either cholesteryl oleate or both lipids arc ex- 
pelled from the monolayer to form a bulk phase which 
is in rapid equilibrium with the surface phase. In the 
monolayer phase, orientation of the ester function of 
cholesteryl oleate is toward the aqueous phase, interac- 
tion with triolein is minimal, and packing is uniform over 
the solubility range. Thb, together with the susceptibility 
of the cholesteryl oleale to enzymatic hydrolysis, suggests 
the applicability of monolayer systems to the study of 
cholesterol esterase activity. Comparison of our results with 
the bulk properties of these lipids suggests thai the ex- 
pelled cholesteryl oleate exists as a smectic mesophase and 
thus the system may provide a model for studying the 
transfer of molecules between the Interior and surface of 
lipid deposits of the type found in atherosclerotic lesions. 

SupplemcniaTy key words miscibility * phase iransition ' liquid 
crystal * cbolesicrol esterase 



Long chain cholesieryl esters are relatively non- 
polar molecules (1> which exhibit limited solubility in 
binary mixtures with more polar lipids such * as 
triglycerides (2, 3) and phospholipids (4). In ternary 
systems containing a low concentration of water, the 
solubility of the cholesteryl esters in the lamellar 
lipid phase is even lower, but it increases when the 
water content of the system is above 15% by weight. 
Concomitant studies with polarizing light microscopy* 
calorimeiry. X-ray diffraction, and monolayer expan- 
sion suggest thai, at the higher water concentration » 
the cholesteryl ester is located ai the lipid -water 
interface (3). This conclusion is reinforced by enzy- 
matic studies which show that small amounts of 
cholesteryl oleate incorporated into unilamellar leci- 
thin liposomes arc hydrolyzcd by extracts from liver 
and aorta {6, 7). 

At an air -water interface the behavior of cholesteryl 
esters depends largely on the structure of the acyl 



function. The short chain esters, cholesteryl formate 
(8) and acetate (9, 10), readily form monolayers 
which » at low surface pressures, exhibit force- area 
isotherms quite similar to that of cholestenM alone. 
This similarity has been taken as an indication that 
the acyl function protrudes into the aqueous phase 
and thus does not contribute to the area occupied 
by the molecule in the monolayer. Cholesteryl 
butyrate, which has a longer acyl chain, exhibits 
an unstable isotherm on an aqueous subphase 
and collapses at 7 dynes per cm (approximately 
42 A" per molecule). Making the subphase 2 M 
in sodium chloride increases the. stability of the film 
while changing the limirihg area only slightly (11), 
The similarity of these areas to that of cholesterol 
alone has led to the conclusion that at collapse the 
butyl group is forced do^Ti into the aqueous phase. 
Increasing the acyl chain to six carbons results in 
even more unstable films, even on 2 M sodium 
chloride. 

The surface properties of long chain cholesteryl 
esters, which are more relevant to biological systems, 
have also been investigated. Both saturated and un- 
saturated esters yield pressure— area curves when 
compressed at an air- water interface, but the mono^ 
layers are unstable and give limiting areas for these 
molecules at collapse in the range of 25-30 A* per 
molecule, values far below the collapse area of choles- 
terol alone (9, 10, 12). For the esters containing 
oleate, linpleaie, linolenate, and arachidonate, it has 
been suggested that the isotherms are produced by 
oxidation products rather than by the esters them- 
selves (9). In mixed monolayers with more surface 
active lipids such as lecithin, triglycerides, or choles- 
terol, long chain cholesteryl esters produce an ex- 
pansion effect, indicating their presence in the 
monolayer phase (9, 10, 12). As the mixed mono- 
layers are compressed, the cholesteryl eater is ex- 
truded into a bulk phase at a pressure chat is 
dependent upon its solubility in the other lipids. 

The relevance of the surface behavior of cholesteryl 
esters to an understanding of their deposition and 
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removal from the arterial walJ has prompted us to 
study the expansion effects in more dctai]. Noting, 
as previous authors have (10), the behavioral sitni- 
larities between these lipids and apolar hydrocarbons, 
we have applied to our data the mathematical 
treatment employed by Davis, Krahl, and Clowes (13) 
and Clowes (14), and later by Snart (15), for mixed 
monolayers containing hydrocarbons; Our results 
show a two-dirtiensional raisdbility (16, 17) between 
cholesteryl oleate and triolein in the range from 
24 to 57*^C and provide information about the ar- 
rangement of molecules in both the surface and 
collapsed phases. 

MATERIALS AND METHODS 

Reagents 

Lipids. Cholesteryl oleate and triolein were obtained 
from Nu-Chek Prep, Elysian, MN. They had a stated 
purity of 99 + % and gave a sirigle spot when 
analyzed by thin-layer chromatography with a solvent 
system of petroleuni ether -ether -acetic acid 85: 
15:1 (v/v/v). 

pH]Chalesteryl oleate was synthesized on a micro 
scale from oleoyi chloride (Nu-Chek Prep), choles- 
terol (Nu-Chek Prep), and [1 ja-^Hlcholesterol (New 
England Nuclear; lot -853-154, W Ci/mtriol) as pre- 
viously described (18). 

Spreading solvent. Petroleum ether (bp GO-VO^C) was 
stirred with 98% sulfuric acid for 20 hr and 
washed once with water, once with 0,1 M sodium 
bicarbonate* and twice with water. The organic 
layer was dried overnight over calcium chloride and 
distilled from calcium hydride. The product had a 
boiling range of 65-68**C and gave no measurable 
force-area curve when spread at twice the level 
normally used for force -area measurements (see 
below). 

Chol/tsteroL eiterase. The preparauon of this enzyme 
from i>orcine pancreas has been previously de- 
scribed. The sample used was 94% pure as deter- 
mined by photodensitometry of stained gels from 
polyacrylamide gel electrophoresis (18). 

Other chemicals. All other compounds were reagent 
grade and were used without further purification. 

Experimental procedures 

Force -area curves. Surface pressure -area deter- 
minations were made using a Lauda recording 
film balance (Brinkmann Instruments, Wcstbury. 
NY). This instrument is a Langmuir type balance 
in which surface pressure is measured using a 
floating barrier attached to an inductive linear 
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transducer. Unless otherwise indicated* lipids were 
spread in 50 p.1 of petroleum ether on to a 10 mM 
potassium phosphate, 0,1 M sodium chloride sub- 
phase, pH 6.6. After standing at 195-240 AVmole- 
cule of triolein for 3 min, the monolayer was com- 
pressed at approximately 15 AVmin per molecule 
of triolein to an area/molecule of 90 and then 
expanded to the original area at the same rate. Force - 
area curves were obtained by recording surface pres- 
sure vs. area/molecule of triolein during the com- 
pression -exp>ansion cycle. 

Surface tension measurements. During enzymatic di- 
gestion of mixed monolayers, surface tension was 
monitored at 24*C using a duNouy ring attached 
to a Cahn RG recording clectrobalance (19) equipped 
with a T-Y strip chart recorder. Maximum pull on 
the ring was maintained by manually moving the 
balance, mounted on a rack and pinion transport, up 
and dovm as required. 

Enzymatic digestion of monolayers. Hydrolysb was 
measured in a circular Teflon trough with a diam- 
eter of 4 cm and a volume of 10 ml. For each 
assay 10 mM phosphate buffer, 0.1 M NaCl, pH 
7.5, was added^ the surface was cleaned by aspira- 
tion> and a solution of triolein and cholesteryl 
oleate in petroleum ether containing approximately 
1.5 X 10* dpm of pHlcholesteryl oleate was added 
to give a surface pressure of approximately 4 dynes/ 
cm. After allowing 5 min for complete evaporation 
of solvent, the soludon was magnetically stirred, 
cholesterol esterase (85 /jtg in 100 /*1 of buffer) was 
added and after 1 min stirring was stopped. After 30 
min the monolayer was collected and percent hydrol- 
ysis of the cholesteryl ester was determined by 
thin*layer chromatography-scinttllation counting as 
previously described for the hydrolysis of glycerides 
by pancreatic lipase (19). 

Measurement of Todioactiviiy. Radioactivity . was meas- 
ured using a Packard Tri-Carb liquid scintillation 
spectrometer and a toluene-Triton X-lOO-based s<in- 
Ullation fluid (20). 



RESULTS 

The ability of cholesteryl oleate to increase the 
apparent area/molecule of triolein in monolayers is 
shown in Fig* la— c. Such expansion is in qualitative 
agreement with previous studies (9, 10, 12) and shows 
that the cholesteryl ester is occupying space in the 
monolayer. As the surface pressure is increased in 
the region from approximately 0.15 to 0.5 raol frac- 
tion of cholesteryl oleate, each curve shows a phase 
transition above which the curves form a common 
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envelope. This is consistent with the miscibility of 
cholesteryl oleate and triolein in the surface phase 
where the phase transition pressure, or critical pres- 
sure, is the |>oint at which cholesteryl oleate is ejected 
to form a bulk phase (16, 17). Although not shown 
in Fig. la-c, the envelope curve approached the 
abscissa at large molecular areas, showing that the 
equilibrium spreading pressure of cholesteryl oleate 
is near zero dynes/cm. The possiUe existence of a 
mixed, gaseous phase at large areas is not excluded, 
but our instrument is not sufficiently sensitive to study 
this region of the force- area curves. 

If the triolein- cholesteryl oleate system behaves 
ideally, the envelope curve should extend up to and 
collapse at the same point as triolein. As the figures 
show, increasing the mol fraction of cholesteryl oleate 
decreases the collapse pressure toward a lower liinit. 
Similar behavior has been observed for hydrocarbons 
in monolayers of cholesterol (14) and should indicate 
the formation at higher pressure of a collapsed phase 
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fig. 1. Force-area curves (a~c> and monolayer phase diagrama 
Cd-f) for cholesteryl oleate (CO) triolein mixtures, Subphasc was 
0.01 M potasuum pfaosphatc-0.10 M NaCl» pH 6.6. Tempera- 
nirea were 24*C (a and d), 3(rC (b and e) and 5TC (c and f). 
For each set of curves the itiol fractions of cholciteryl oleate 
were, from left to rtghi, 0, 0.037. 0.072. 0.133. 0.186, 0.265, 
0.311, 0.574. 0.425, and the number of triolein molecules was 
held coMtant at 2.41 x 10". Circles (d-f) show critical prcwure* 
and triangles are collapse pressures for curves exhibiting two 
phase transitions. Data are from Fig. I , a— c. 
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Fig. 2. Reversibility of collapse for a typical cholesteryi dcate- 
triolein monolayer. Subphase was 0.01 M potassium phosphate - 
0.10 M NaCl, pH 6.6. 24*C. The mol fraaion of chotesicryl 
oleate was 0.S67, Initial compression is upper solid line; expan- 
sion curve is lower solid line; and recompression is dashed line. 



containing both triolein and cholesteryl oleate (17). 
A consequence of the bulk phase solubility of these 
lipids is that the force -area curves obtained at the 
lower mol fractions of cholesteryl oleate do not show 
a well defined critical pressure apart from the collapse 
pressure. 

If the interpretation of the data shown in Fig. 1 
is correct, the surface and bulk phases should be in 
equilibrium (16» 17) and the force-area curves 
should^ therefore, be reversible. The curves in Fig, 2 
show that this criterion is fulfilled. A mixed mono* 
layer was formed at an area of 210 A*/molecule 
of triolein and then compressed to 45 AVmoIecule. 
The surface was then expanded to its original area 
and recotnpressed. There is a small hysteresis ob- 
servable in comparing expansion with compression 
but recompression of the monolayer gives a force- 
area curve essentially identical to the initial compres- 
sion curve. The near identity of two compression 
curves also shows that molecules were not lost during 
the experiment through barrier leakage or dissolution 
into the aqueous phase. £x.pan&ion curves are not 
shown for each compression curve shown in Fig. 1, but 
they were recorded. At 24 and ^0'*C, results simi- 
lar to those given above were obtamed, whereas, 
at 37*0, the expansion curves frequently gave values 
up to 0.5 dyne/cm below zero at large areas. This 
reflects an observed instability of the zero point at 
this tenipcrature. 

In addidon to measurement of reversibility, other 
control experiments were performed to test the 
stability and reproducibility of the system. The fol- 
lowing changes in procedure had no significant 
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Fig, 3, Crilical pressures vs. negative logarithm of the mol fi:a<- 
tion of chalestcryl oleste at 24*^0 (drdcs), 30"C Ciriangles) and 
37"C (squares). Lines were fitted by method of least squares. Data 
are taken from Fig. 1. a-c. 



effect* on eiiher compression or expansion curves 
obtained at ^4°C: a) varying the compression speed 
from 8.0 to 33.6 A*/niin per molecule of triolein; 
b) initially spreading the monolayer at 360 AVmole- 
cule instead of 195-240 AVmolecuIe; c) initiating 
compression after 14 min instead of the usual 3 min; 
d) allowing the monolayer to stand at 90 AVmole- 
cule of triolein before recording the expansion curves; 
and e) spreading the monolayer at 45 AVmolecule of 
triolein instead of 195-240 A\ expanding it to 195 
AVmoiecule then compressing it. and rcexpanding it 
Compression- expansion curves deter tnined at 24**C 
on several days with different solutions, each con- 
taining 0.186 mol fraction of cholesLeryl oleate. 
were reproducible with percent standard deviations 
for area/molecule of triolein at a given surface 
pressure of 0.7% for compression and 0.9% for 
expansion, both below and above the critical pres- 
sure. The collapse pressures measured at 33 AV 
molecule of triolein had a percent standard deviation 
of 0.5%. The pH dependency of the system was 
obtained by measuring force -area curves for a mix- 
ture containing 0,261 mol fraction of cholesteryl 
oleate on subphascs of 10 mM potassium phosphate, 
0.1 M NaCl at pH values from 3.5 to 9.5 in l.O pH 
increments. The sec of curves obtained (not shown) 
was essentially identical with percent standard devia- 
tions at 3.0 and 7.0 dynes/cm of 1.0 and 1.1 percent. 
All curves were reversible. Thus, the data from 
Figs. 1 and 2» together with the control experiments, 
show that at temperatures from 24-3T*C and over a 
wide range of pH values, cholesteryl olcatc and 
triolein form a miscible surface phase which, within 
the time course of our experiments, exists in 
equilibrium with a bulk phase of cholesteryl oleate. 



or cholesteryl oleate and triolein, depending on the 
surface pressure. 

From the interpretation given above of the data 
from Figs. I a-c, a phase diagram can be constructed 
for each temperature. These are shown in Fig. Id-f 
and each shows three distinct regions. In region t, 
only a single, mixed surface phase is present; in 
region II, both the surface phase and a cholesteryl 
oleate bulk phase coexist; and in region III, the 
surface phase can coexist with a mix^ triolein - 
cholesteryl oleate bulk phase. 

For such a miscible system at equilibrium, it has 
been shown that a plot of the negative log,* of the 
mnl fraction of the expressed component, cholesteryl 
oleate, vs. the critical pressure should be linear for 
values of the mol fraction over which the activity 
coefBciem of the expressed component is. constant 
(16, 17). Usually, this occurs near saturation. Fig, 3 
shows that, for mixed monolayers of triolein and 
cholesteryl oleate, this relationship is obeyed not only 
near saturation but at all values of mole fraction of 
cholesteryl oleate above 0.13. The data are from Fig. 
la-c and the coefficient of correlation for each 
line was S:0.99. The slope of each line should be 
2.303/?r/r4e where R is the gas constant, T is the 
absolute temperature and A^ is the molecular area of 
cholesteryl oleate at its point of expression from 
the monolayer. In addidon, the intercept of the 
line with the equilibrium spreading pressure of the 
expressed component gives the solubility limit for 
that component in the mixed monolayers (16, 17). 
The data show that pure cholesteryl ester in the 
monolayer phase does not exhibit a measurable 
spreading pressure; hence, the negative log of the 
solubility limit is given by the x- intercept of the line. 
Table 1 shows the values of and the solubility limits 
calcubted from the slopes and intercepts of the lines 
shown in Fig. 3. The solubility decreases only slightly 
with temperature and, as would be expected, in- 
creasing temperature causes an expansion of the area 
occupied by cholesteryl oleate at collapse. 

The free energy required to expel cholesteryl oleate 
from the mixed monolayer can be calculated for each 



TABLE 1 . Solubility limit and areaymotecule of cholesteryl oleate 
at the critical pressure for triolein -cholesteryl 
oleate monolayers 



Tcmperftiure, *C 



Parameter, *tl 



30 



37 



Solubility Emit, mol fraction 
A*/molecul« of cholesteryl cdeatc 



0.452 
78.2 



0.445 
81.2 



0.427 
85.6 



Data are calculated from the slopes and intercepts of the lines 
in Fig, 3 as described in the text. 
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TABLE 2. Work required lo ejed chok&teryl oleate from triolein -cholestery I oleate monolayers 

Temperature 



30*C 



37*C 



Mol Fraction 
ChoJcMcryl Oleate 


Oynea/cra 


AT 

Calfmot 


Dynn/cm 


Cal/mol 


Dynci/L-m 


Cal/RKil 


0.1 S3 


6.40 


720 


6.20 


725 


5.70 


70? 


0.186 


4.70 


529 


4.50 


.526 


4.35 


536 


0.26iS 


2.80 


316 


2.65 


310 


2..S5 


290 


0.31 1 


2.00 


225 


1.90 


222 


!.65 


203 


0.374 


0.95 


107 


0.85 


99 


0.60 


74 



Data are taken from Fig. I, a-c. AF was calculated as NA/iTr where A/ is Avagadro's number, 
A/ is the molecular area ol cholcstcryl oleate at the trttical prcMure, v^, Af' was cakuUtcd aa the 
difference between the molecular areas of the miMed monolayer and trk^lein alone at ir^, divided by 
the mo! fraction of chole&teryi alea.te in the monolayer. 



curve from the relationship, AF = NA^ttc^ ivhere 
!>/ is Avagadro's number and At is the molecular 
area of cholesterol ester at the critical pressure, 
TTc (14). Table 2 shows that, as the mol fraction of 
cholesteryl oleate in the monolayer is increased^ the 
free energy change decreases from approximately 
0.7 to 0. 1 Kcal/mol, indicating a relatively weak 
interaction between cholesteryl oleate and triolein 
in the monolayer. 

Although the system behaves ideally from about 0.1 
to 0.5 mol fraction of cholesteryl oleate the points 
from 0.0 to 0.1 mol fraction do not fit the lines 
shown in Fig. 3. The deviation is probably due to 
the solubility of the triolein in the bulk cholesteryl 
oleate phase, but could be due to the existence of 
a different molecular arrangement of triolein and 
cholesteryl oleate in the monolayer at low mol frac- 
tion of cholesteryl oleate. To test this hypothesis, 
we determined the average area/molecule of lipid in 
the monolayer for 0.5 dyne/cm intervals from 0,5 to 
6.0 dynes/cm as a function of the mol fraction of 
cholesteryl oleate. It can be readily shown that if the 
packing of the molecules is uniform over the entire 
solubility range then at any surface pressure below the 
critical pressure a plot of average area/molecule of 
lipid vs. mo) fraction will be linear* up to a 1:1 ratio 
of cholesteryl oleate to triolein. Each data set was 
reasonably linear (coefficient of correlation ^0.97) 
and Fig. 4 shows three such plots at 24^C for sur- 
face pressures of 1,5. 2.5* and 5 dynes/cm. This 
linearity indicates that at any surface pressure the 
packing of molecules in the monolayer is the same 
over the entire? solubility range. 

TTie apparent area per molecule of cholesteryl 
oleate in the monolayer can be obtained at any 
pressure by mathematical extrapolation of the line to 
1.0 mol fraction. Using the apparent molecular 
areas determined every 0.5 dynes/cm, a force -area 
curve for cholesteryl oleate was calculated at each 



temperature as shown in Fig, 5 (circles). Shown for 
comparison (solid line) for each is the predicted 
force -area curve for cholesteryl oleate which was 
calculated as the sum of measured area/molecule of 
cholesterol and one-third of the measured area^ 
molecule of triolein at each pressure and tempera- 
ture. In each case^ the agreement between curves is 
good, considering the limited number of points, 
the extrapolation necessary to determine the actual 
force-area curve, and the implicit assumptions neccs* 
sary to calculate the predicted curve. This agree- 
ment, together with the low free energies of solu- 
tion, suggests that "condensation" between cholesteryl 
oleate and triolein is minimal and that the cholesterol 
and acyl moieties of cholesteryl oleate in the mono- 
layer are oriented as they would be in more polar 
molecules, i.e., with the ester group facing the aqueous 
phase and the apolar groups away from it. 

To test this orientation hypothesis, we measured 
the susceptibility of PH]chalesteryl oleate in the mixed 
monolayer to hydrolysis of cholesterol esterase from 
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Fig. 4, Typical plots of average area/molecule for triolein -cho- 
lesteryl oleate (CO) mixtures at 24"^ Surface pressures <ir) 
were 1.5. 2.5. and 5.0 dync$/cm. Sec Fig. i for expcrimeciLal 
conditions and raw data. 
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FEg. 5. Extrapoiated and predicted force-area curves for chole&- 
teryl oleai«. Prediaed curves (sohd lines) were generated by 
summing areas/molecule of chotesterol and triolein ob- 
tained under conditions identical to ihose of Fig^. 1. £xirapo1aied 
curve* were obtained from plots of the type shown in Fig. 4 at 
described in the text. Left to right, 24*'C. 30"C, and iVC 



porcine pancreas in the aqueous phase. This enzyme 
readily hydrolyzes trioctanoin and triolein in mono- 
layers at an air- water interface' and should hydro- 
lyxe cholesteryl oleate in a mixed monolayer if the 
ester assumes an orientation at the interface similar 
to that of the triglyceride. The mol fraction of choles- 
teryl oleate was 0.186, a value that insured that the 
initial pressure of 4 dynes/cm was below the critical 
pressure for that mixture. After 3Q min incubation 
with enzyme at 24**C, 86% of the cholesteryl 
ester was hydrolyzed, whereas less than 1% was con- 
sumed in the absence of enzyme. Essentially iden- 
tical results (75% hydrolysis) were obtained with 
dioleyl ethane diol, which forms mixed motiolayers 
with cholesteryl oleate under the same conditions but 
cannot be attacked by the enzyme. These data sup- 
port the results of the physical studies and indicate 
that the ester function is oriented toward the air- 
water interface as it is for triglycerides. 



DISCUSSION 

Our results show clearly that cholesteryl oleate 
and triolein arc misciblc at the air -water interface. 
Not only do the combined curves form an envelope, 
but also the system is completely reversible and 
independent of the previous history of the monolayer. 

The solubility of cholesteryl oleate in triolein 
approaches 1:1 at all temperatures studied. This 
value is considerably higher than was observed for 



' H. L. Broctcman, unpublished experiments. 



the ternary system of led thin -cholesteryl linoleate- 
water where one part in 32 of the cholesteryl ester 
couLd be dissolved in lecithin bilayers in the presence 
of excess water (5). This difference in solubiKty 
limits probably reflects the difference in packing 
densities between lecithin in a bilayer phase and 
triolein in the monolayer system. In the monolayers 
the highest solubilities arc at surface pressures 
approaching zero dynes/cm whereas in the erythro- 
cyte membrane* a natural bilayer, packing densities 
are comparable to those in a phospholipid mono- 
layer at 31-34 dynes/cm (21), 

As in the bilayer system, our physical and enzy- 
. matic data indicate that cholesteryl oleate in the 
monolayer phase has its ester function oriented 
toward the aqueous phase. Furthermore^ the agree- 
ment between the predicted force -area curve for 
cholesteryl oleate and that from extra polau on indi- 
cates that the overall orientation of the molecules 
differs little from that of cholesterol and the acyl 
moicues of glyce rides under equivalent conditions. 
Our values of 70-90 A* per molecule for cholesteryl 
oleate do, however, differ markedly from the 25-30 
A' per molecule obtained with cholesteryl esters 
alone or in mixed monolayers containing cholesterol 
(12), indicating that the nature of the other lipid 
has a large influence on the state and/or orienta- 
tion of the cholesteryl ester at the interface. 

The linearity of the average area plots shows that 
the packing of the molecules is uniform over the 
endre miscibility range and the similar solubility 
limits and values at 24, 30, and $7°C show that 
there is no major change in that arrangement with 
temperature. Likewise, alteration of subphase pH has, 
as would be expected for a neutral monolayer, a 
negligible effect. This uniformity of molecular ar- 
rangement over a range of experimental conditions 
together with the ability to vary monolayer composi* 
tion and p>acking density independently suggest that 
monolayer systems of the type described will be 
valuable tools for studying the hydrolysis of choles- 
teryl esters by water soluble enzymes. 

The reversibility of the force-area curves shows 
that the molecules in the collapsed phase are in 
rapid equilibrium with those in the surface phase. 
This suggests that the cholesteryl oleate collapsed 
phase exists as an isotropic liquid or mesopha&e 
beiow its normal transition temperatures of 51*C 
(crystalline to isotropic), 47.5**C (isotropic to choles- 
teric), and 4 PC (cholesteric to smectic) (2). It has 
been shown that cholesteryl oleate can be dispersed 
into an excess of water as small droplets of approxi- 
mately 1 ;* diameter. These droplets do not show 
the cholesteric to smectic transition and the smectic 
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mesophasc is stable at temperatures "far below that 
of the smectic to crystalline transition" (22). This sug- 
gests that, in our system at pressures below the 
triple point (see Fig. Id-f), the collapsed cholcstcryl 
oleate exists as a smecdc mesophase. The author 
further notes that the suspension particles are vir- 
tually identical to spherulites, a lipid mesophase of 
predominantly cholesteryl esters, which can be iso- 
lated from early atherosclerotic lesions (23), and other 
authors have sho\vn that liquid or liquid crystalline 
phases are present in more advanced lesions (24, 25). 
Thus, mixed monolayer systems may be valuable as 
models for studying the exchange of molecules 
between the surface and anterior of atherosclerotic 
lesions as well as for studying the interactions of 
cholcstcryl caters with hydrolytic enzymes^QB 
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